INTRODUCTION
Computed tomographic techniques provide the ability to image defected regions of a structure from outside the area containing the defects. This is often advantageous when the defected area is not directly accessible. Recently, computed tomography techniques using Lamb waves and surface acoustic waves have been proposed and investigated [1] [2] [3] .
In previous work [4], we have described a computed tomography method using laser-based ultrasonic techniques. The ultrasound is generated with a Q-switched Y AG laser and detected with a dual-probe fiber-optic interferometer. Laser-based ultrasonics provides a noncontact coupling method. The inherent advantages of noncontact coupling include the capability for remote and fast scanning on complex surface shapes. The advantages of the fiber-optic interferometer over a conventional bulk optic detection system stem from the fact that it is compact and light weight and does not require internal alignment, all of which allow greater ease of operation.
However, efforts to increase the overall sensitivity of the laser-based ultrasonic system as well as the measurement accuracy are needed in order to extend the applicability of the system. It has been shown that the sensitivity of a shot-noise-limited photodetector system is related to the ultrasonic displacement u, the optical power P received by the photodetector, and the electronic bandwidth dF ofthe detection system as follows [5] : SNR = signal power _ u2 L noise power ~F (1) Equation (1) shows that an increase of the generated ultrasound signal amplitude or the detecting laser power can improve the detection sensitivity. Up to a point, the ultrasound signal amplitude increases with the generating laser power. However, for many NDE applications the generating laser power is restricted by the ablative surface damage threshold. The power of the detecting laser beam is limited by the available laser source. The last quantity that remains variable is the bandwidth, LlF, of the detection system. From equation (1), it can be seen that a reduction of LlF can increase the signal-to-noise ratio, and hence the sensitivity of the detection system. A method for generating narrow-band surface waves and Lamb waves by using a holographic diffraction grating or a binary phase grating has been demonstrated by Huang, Krishnaswamy and Achenbach [6] . Tunable narrow-band surface and Lamb waves are generated by a line-array of essentially identical laser pulses formed by line-focusing an Nd: YAG laser beam using cylindrical lenses, and then diffracting the line beam into an array of lines using the diffraction grating.
In this paper, computed tomography using the narrow-band Lamb wave generation technique has been investigated to image defects in thin aluminum plates. A computer controlled scanning system is used for experiment autom~tion. For each generation, the Lamb wave is detected when it passes through the two detecting points of the dual-probe heterodyne interferometer. The attenuation of the Lamb wave propagating through the defected area is used for the tomographic imaging. The tomographic imaging technique was applied to detect a simulated corrosion area in thin aluminum plates. The results were compared with images of the defects obtained by a conventional ultrasonic C-scan of the same plates. Satisfactory images for defects have been obtained.
NARROW-BAND LAMB WAVE GENERATION
A schematic diagram of narrow-band Lamb wave generation and detection by a heterodyne interferometer is shown in Fig. 1 [6]. Narrow-band Lamb waves can be generated by a line-array of laser pulses formed using a cylindrical lenses and a diffraction grating. A Q-switched Nd:YAG laser is used to excite Lamb waves in the plate. The generation of narrow-band Lamb waves can be controlled by adjusting the line-array parameters such as the number of line sources in the array, the width of each line-source, and the separation distance between them. By suitable bandpass filtering of the signal detected by the laserinterferometric system, a substantial part of the white noise can be eliminated, leading to a significant improvement in the signal-to-noise ratio.
From the elementary theory of diffraction in optics, when the line beam is diffracted into an array of lines by a thin grating, the m'th order beam propagates at an angle 8m = sinl(mAJp) "'" mAJp under the small angle approximation [7], where p is the grating periodicity (or pitch), A. is the wavelength of laser and the values of m specify the order of the diffracted beams, i. e., m = 0, ±1, ±2, .... In the experiments reported in this paper, a binary phase diffraction grating, which gives 10 diffracted beams, has been used and the applicable parameters of the grating are A. = 1.06 /ll11 and p = 1.06 ~m, to yield
It is well known from Lamb wave theory that ultrasonic wave propagation in a plate consists of different propagating modes. Each mode has a different dispersion curve which shows the ultrasonic frequency of each mode as a function of the wavenumber. When a linearray source with spacing 0 between the lines is used for acoustic wave generation in a plate, the spacing 0 acts as a "forcing" wavelength. Constructive or destructive interference takes place between the waves generated by each line source in the line-array. Even though each of the lines in the line-array acts as a broadband source, only those wave components whose wavelength is equal to 0 interfere constructively and produce narrow-band signals. The frequencies of the resulting narrow-band modes of Lamb waves can be found by the intersection points of the dispersion curves with a vertical line drawn from the forcing wavenumber, i.e., from 2'1t1f>. In the following experiments, this principle was examined. A thin aluminum plate of 0.5 mm thickness was used as the specimen. The interferometer output, which was recorded by a digital oscilloscope at a 20 nsec sampling rate with the signals averaged 128 times, was then transferred to a computer for processing. The record length of each waveform is 1024 points. The signal shown in Fig. 2(a) was obtained from the laser line-array with a spacing of 0.69 mm. The waveform shown in Fig.2 (a) is complicated because the dispersive nature of Lamb waves allows for many modes to propagate simultaneously in the plate. The amplitude spectrum of the signal is shown in Fig.  2(b) . For clarity, this curve was smoothed with a 5-point moving average. The most prominent peak in Fig. 2(b) corresponds to a frequency of 3.5 MHz. Another smaller peak is located at 5.3 MHz which indicates that a second mode is propagating. It can also be noted that in the time domain a tone-burst-like signal is followed by a low frequency background, which is the result of the incomplete cancellation of the low frequency components in the broadband signals generated by the line-array.
In order to obtain experimental dispersion curves, waveforms were recorded for six separate spacings ranging from & = 0.51 mm to & = 0.89 mm. These experiments were conducted by controlling the distance between the specimen and the diffraction grating. Then the frequency spectrum of each signal was calculated, and the two most prominent peaks were plotted in the frequency-wavenumber domain and compared with the theoretical dispersion curves for the plate. The result is shown in Fig. 3 , where the dimensionless frequency Q and the dimensionless wave number 15, which are expressed by the following relations respectively, are used: (2) where 2h is the thickness of the plate, and cT is the velocity of transverse waves. The solid and dashed line represent the theoretical dispersion curve of the first antisymmetric mode ao and the first symmetric mode so, respectively. These theoretical dispersion curves were caltulated by using Rayleigh-Lamb frequency equations [8] . The symbols 'x' and '0' correspond to the measured prominent peak and the smaller peak in the spectra, respectively. For comparison, the frequency-wavenumber relation of surface waves is also plotted as a dash-dot line. The peaks measured at frequencies higher than those corresponding to the so mode were discarded because it is doubtful that the dispersion curves above the so mode were experimentally determined with enough resolution. symbols 'x' and '0' correspond to the measured prominent peak and the smaller peak in the spectra, respectively. A dash-dot line line represents the frequency-wavenumber relation of surface waves.
Good agreement is found between the predicted dispersion curves and the measured data. It is worth reiterating that, unlike conventional piezoelectric transducers which are typically narrowband generators, each of the laser lines in the line-array is actually a broadband generator. Therefore the spacing between the lines in the line-array produces a "forcing" wavelength at which only a few Lamb wave modes of specific narrowband frequencies get constructively enhanced.
COMPUTED TOMOGRAPHY USING NARROW-BAND GENERATION TECHNIQUE
A schematic diagram of the computed tomography system using laser line-array generation and detection by an interferometer is shown in Fig. 4 . The laser pulses were of about 20 nsec duration. The pulse energy was adjusted to about 100 mJ. The laser line-array was set to have a spacing of 0.69 mm. Narrow-band Lamb waves were radiated in directions perpendicular to the line-array. In order to achieve tomographic imaging using the attenuation Pbotodiode Dual·Probe Heterodyne Interferometer of Lamb waves, the Lamb waves should be detected when they pass through the two detecting points from a dual-probe heterodyne interferometer. To avoid interference with the reflected waves from the defects, the first probe was placed on the opposite side of the defect as shown in Fig. 4 . This guaranteed that the reflected wave with its much longer propagation time was separated from the reference signal detected by the first probe and the transmitted signal detected by the second probe. The direction of the line-array was adjusted to be perpendicular to the line connecting the two detecting probes. The laser pulse energy was kept low enough so that generation within the thermoelastic regime was assured.
In order to reconstruct the image of a defect, it is necessary to move the two probing points along various ray-path positions. By using the computer controlled scanning system, which consists of a linear and a rotary stepper motor, a linear scan is performed for one direction and then repeated for all directions from 0° to 180°. For each ray-path, 1024 point waveforms at a 20 nsec sampling rate were stored on a Tektronix 2440 100MHz, 8 bit digitizing oscilloscope, and then transferred to a personal computer (compatible with IBMlPC AT) via a GPIB interface bus, and stored on a disk for later analysis. Signal averaging with 128 wave traces was performed on the oscilloscope to reduce noise.
EXPERIMENT AND RESULTS
The computed tomography system was applied to image a simulated corrosion area and the results were compared with images of the defects obtained by a conventional ultrasonic C-scan of the same plates. Figure 5 shows a cross-section of the simulated corrosion defect produced in epoxy-bonded aluminum plates. The laminate is composed of two aluminum plates of thickness 0.65 mm and an approximately 13 11m thick epoxy film. Corrosion was simulated by partially removing the surface of the bottom plate and inserting a fine nickel powder in the cavity prior to bonding. A sample with one defect and a sample with two defects were tested. The diameter and depth of the defect is shown in Fig. 5 . The top surfaces of the two samples were lightly polished to allow good reflection by most of the surfaces. ) ( ~ ~ :--· ;55 nun ) --tO~6s'-;.",.
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plates by epoxy fIlm Figure 5 . Cross-section of the simulated corrosion defect produced in the epoxy-bonded aluminum plates. Figure 6 shows three typical configurations of signal acquisition and the acquired narrow-band Lamb wave signals after band-pass filtering for the sample with one defect. The band-pass filtering was performed to pick up the signal of the ao mode. Two separated toneburst-like signals were then obtained as shown in Fig. 6 . As expected, the second signal was greatly attenuated when the second probe was behind the defect, indicating strong attenuation of the Lamb wave by the defect. Another important thing to be noted is that when the second probe is slightly blocked by the edge of the hole, the second signal can still be detected due to diffraction of ultrasound. This diffraction effect, which is disregarded in the tomography algorithm, reduces the spatial resolution of the reconstructed image.
The transmitted Lamb wave data were collected at different projection angles and the transmission coefficients of various directions were calculated and used for the filtered backprojection algorithm [4] . The linear scanning length was 25 mm with I mm intervals and 7.20 angular intervals. The transmission coefficient at each scanning angle and direction was calculated by taking the ratio of the energy of the first signal to the second signal, which were obtained by integration of the square of the signal amplitude over time.
The 3-D plot of the reconstructed Lamb wave attenuation showing the image of the defect is shown in Fig. 7(a) . The unit used for the results in Fig. 7(a) is attenuation per unit length (dB/mm). The existence and the position of the defects are clearly represented by the peak of the attenuation curve. The lack of clear boundaries in the image is due to Lamb wave diffraction effects. To obtain an estimation of the size of the defect, a typical threshold value of 60% of the maximum attenuation value was applied. The corresponding 2-D contour image at this threshold level is shown in Fig. 7(b) .
For comparison, the tomographic image and a C-scan image of the same sample are superposed in Fig. 8(a) . The C-scan image was obtained by using a scanning acoustic microscope (SAM) from Panametrics. The solid line in Fig. 8(a) represents the contour of the defect of the tomographic image in Fig. 7(b) . The size and the shape of the two images of simulated corrosion area are satisfactorily consistent.
The same procedure was used for the second sample which contains two identical defects. The 2-D contour image of the obtained tomographic image is superposed to the image of the C-scan of the same sample in Fig. 8(b) for comparison. To obtain an estimation of the size of the defects, a threshold value of 60% of the maximum attenuation value was again applied. It can be noted that both the location and the size of the tomographic image compare satisfactorily with the C-scan image.
The circular shapes of the reconstructed tomographic images of the defects in Fig.8 are, however, not represented perfectly, while the shapes of the defects obtained by the C- the Y AG laser, the fluctuation of the direction of the laser beam and, perhaps most importantly because tomography integrates the attenuation over various lines, the irregular bonding condition of the two thin aluminium plates.
CONCLUSIONS
Computed tomography incorporating a complete laser-based ultrasonic technique has been developed. Narrow-band Lamb wave generation technique using a holographic or binary phase diffraction grating has been applied in order to improve the sensitivity of the system. The system has been successfully applied to the imaging of subsurface defects.
